A one-step multi-probe FISH method of detecting viable Vibrio parahaemolyticus was developed. Three candidate regions, corresponding to Helix 440+441, Helix 588, and Helix 1241 in 16S rRNA, were selected for detection, the thermodynamic parameters (ΔGoverall) of the probes were optimized, and VP437, VP612 and VP1253, whose fluorescence were 1.7 to 11.3 times that of ΔGoverall-unadjusted sequences, were designed. The addition of competitive oligonucleotides to reactions with VP612 and VP1253 strengthened the specificity of the probes. The three probes were labeled with FITC, TAMRA, and Cy5, respectively, and using a mixture of the probes and six competitive oligonucleotides, one-step FISH was applied to the species-specific detection of V. parahaemolyticus including epidemic strains of O3:K6 and O4:K68 serotypes. V. alginolyticus, V. rotiferianus, and V. campbellii were not detected in the reaction. Microcolonies (30-80 μm in diameter) of V. parahaemolyticus were observed within 6 hours at 37°C on seawater agar plates in both fresh and heat-damaged V. parahaemolyticus. Viable bacterial counts based on the proposed method were significantly different from those measured with typical vibrio selective media (CHROMagar Vibrio and TCBS).
Vibrio parahaemolyticus is a major causative agent of gastroenteritis, particularly in areas of high seafood consumption (9, 12, 15, 26, 29) . The first case of food poisoning from V. parahaemolyticus was recorded in Japan in 1950, with half-dried sardines, "shirasu", identified as the source of illness (4) . V. parahaemolyticus has been responsible for 20-40% of all known cases of food-poisoning in the last decade in Japan. The incidence of food-poisoning tends to be larger in summer months due to the ecology of V. parahaemolyticus (4, (14) (15) (16) (17) (18) (19) 26) . V. parahaemolyticus had been believed endemic to Japan because of the country's culture of consuming raw fish. Recently, however, V. parahaemolyticus infections has been recorded in Spain, Taiwan, Russia, India, North America, and South America, and even in colder parts of the world such as Alaska and Chile (2, 3, 5, 7, 8, 22, 26) . The spread of V. parahaemolyticus toward boreal and austral latitudes, might be a result of the climatic change linked to a warming trend in seawater (3, 7) .
Ideally, methods of detecting pathogens need to be rapid, accurate, and simple. V. parahaemolyticus is usually detected by selective enrichment following plate cultures, for example with alkaline peptone water (APW) or salt polymyxin broth (SPB) following a culture with TCBS agar or two-step enrichment with tryptic soy broth supplemented with 2% (w/v) sodium chloride and APW or SPB following a culture with CHROMagar Vibrio (11) . Combinations of selective cultures and selective PCR methods are also available to detect V. parahaemolyticus (20) . A highly selective method of detecting virulent viable V. parahaemolyticus based on a chemotaxis of the active cells through agar-coated filter paper was recently demonstrated as a new methodology for increasing the sensitivity of the bacterium in seafood (27) . These methods of detection, however, based on culturing, require at least a couple of days for the identification of V. parahaemolyticus.
Recently, we reported a unique method of detection that combined FISH with microcolony formation culture, which we called FISH following cultivation (FISHFC) (24, 25) . The advantages of the FISHFC are resistance to sample debris causing noise for differentiating bacterial microcolonies by a specific probe, detectability of viable bacteria, rapidity in that the overall reaction is completed within 8 hours, and a high detectable limit (10 CFU mL −1 food homogenate). The FISHFC methodology was used to enumerate enterobacteria in situ (28) . Depending on the speed at which microcolonies form, the time taken for FISHFC could be reduced. As probe-reacted bacterial microcolonies generate stronger fluorescent signals than single cells, they are easy to observe under a microscope even of low magnification (using ×40 to ×100 objective lens). The use of a variety of group-or species-specific probes in FISHFC could have the potential to reduce the time to enumerate viable bacteria and increase its applicability (25) . Here we demonstrated the onestep multi-probe detection of viable V. parahaemolyticus within 8 hours based on the FISHFC methodology.
Materials and Methods

Bacterial strains and growth conditions
Seven strains of V. parahaemolyticus were used in this study; T were also used as reference strains for determining the optimum conditions for FISH. For determining the specificity of probes, 51 bacterial species including 7 strains of V. parahaemolyticus were used ( Table 1 ). All strains were cultured using ZoBell 2216E medium at 25°C.
Probe design, synthesis and labeling
Probes were designed base on a computer-aided comparative analysis of 16S rRNA gene sequence data using the ClustalX program (31) . Thermodynamics parameters (ΔGoverall) of each candidate probe were calculated according to Yilmaz and Noguera (32) . For calculating ΔG3, the domain hybridized by each probe was used [option i in Yilmaz and Noguera (32) ]. The specificity of each probe was evaluated using the check probe program in Ribosomal Data Base Project II, release 9. Probes were synthesized and labeled with FITC, TAMRA, or Cy5 by Sigma Genosys (Ishikari, Japan). Probe and competitive oligonucleotide sequences are listed in Table  2 .
Fluorescence in situ hybridization on glass slides Hybridization was performed on Matsunami adhesive slides (12 well prints, Matsunami, Osaka, Japan) to determine the specificity of each probe according to conventional means (1, 10, 13, 23, 24, 30) with minor modifications. Paraformaldehyde-fixed bacterial cells (3 μL) were spotted in each well of the glass slide, air-dried, and dehydrated with 50, 80 and 98% ethanol for 3 min each. Hybridization was carried out for 1 hour at 46°C in 8 μL of hybridization buffer containing 0.9 M NaCl, 20 mM Tris-HCl (pH 7.4), formamide [varying from 0 to 50% (v/v)], 0.01% (w/v) sodium dodecyl sulfate, and 1 μL of the probes (1 to 5 pmoles μL −1 ). Competitor was added at 10-times the volume of the probes. In the optimized probe-competitor mixture, 1 pmole of VP437, and 5 pmoles of VP612 and VP1253 were added. After hybridization had taken place in a humid chamber (50 mL conical tube, Becton Dickinson, Franklin Lakes, NJ, USA), slides were rinsed with pre-warmed washing buffer and washed for 10 min at 48°C. The washing buffer contained 20 mM Tris-HCl (pH 8.0), 0.01% SDS, and sodium chloride (varying from 0.056 M to 0.9 M depending on the stringency of the hybridization solution) (1) . Then, the slides were washed with sterile deionized water, air-dried, and embedded with an antishading solution containing 2.3% (w/v) 1,4-diazabicyclo[2. For determining the fluorescent intensity of candidate probes against V. parahaemolyticus LMG 2850 T , fluorescent images were captured as 256 scale-RGB color using Picture Publisher version 9 (Micrografx, Walnut Hill Lanes, TX, USA). The green and red intensity of FITC and TAMRA images, respectively, was measured in 50 probe-reacted bacterial cells, and average fluorescence intensity was calculated.
FISH detection of vibrio microcolonies and the microcolony formation curve
A portion (1 mL) of the bacterial suspension of V. parahaemolyticus LMG 2850 T in ZoBell 2216E broth was passed through a Nuclepore filter (0.2 μm, 25 mm). The filter was placed on a ZoBell 2216E agar plate and incubated at 37°C for 10 hours. It was then placed on a 95% ethanol-immersed pad for 30 min, and processed for hybridization using a multi-probe mixture including 30% (v/v) formamide at 46°C. V. alginolyticus LMG 4409 T was used as control for FISH.
V. parahaemolyticus LMG 2850 T , V. campbellii LMG 11261 T , and V. rotiferianus LMG 21640 T were used to determine the optimum period of incubation for the formation of microcolonies of V. parahaemolyticus. In FISHFC, microcolonies 50-100 μm in diameter are appropriate for observation under a fluorescence microscope even at low magnification (×40 to ×100). At least 50 microcolonies stained by 4',6-diamino-2-phenylindole (0.5 μg mL −1 ) were observed under an epifluorescence microscope (Axioskop, Zeiss) with a No. 1 filter and their diameters measured. Based on the size of microcolonies, a microcolony formation curve of V. parahaemolyticus was determined.
Enumeration of viable Vibrio parahaemolyticus
A fresh overnight culture of V. parahaemolyticus was prepared in ZoBell 2216E broth at 37°C. Serial dilutions of the bacterial culture were prepared using 75% strength sterilized artificial seawater, and a subsample (1 mL) of the 10 7 dilution was passed through a sterilized hydrophilic polypropylene filter (GH polypro, 0.45 μm pore size, 25 mm diameter, Pall, East Hills, NY, USA). The filtercaptured V. parahaemolyticus was incubated on ZoBell 2216E agar for 5 hours at 37°C. The filter was then fixed with 99.5% ethanol, and then processed to FISH reaction above described. Using same fresh cultures of V. parahaemolyticus, standard plate counts (ZoBell 2216E agar plate) (37°C, 24 hours) and V. parahaemolyticus counts using commercially available vibrio selective agar (TCBS and CHROMagar Vibrio) (37°C, 24 hours) were determined. TCBS was purchased from Nissui Pharmacy (Tokyo, Japan), and CHROMagar Vibrio agar was from CHROMagar Microbiology (Paris, France). Enumeration was conducted with triplicate samples, and data were analyzed by one-way ANOVA with the Tukey HDS test (http:// faculty.vassar.edu/).
Heat-and cold-damaged V. parahaemolyticus were also prepared, and subjected to FISHFC (5-hour culture), standard plate counts and V. parahaemolyticus counts as described above. These counts were then compared. The heating and freezing of V. parahaemolyticus cells were conducted at 50°C for 2 min, and −20°C for 24 hours, respectively.
Results and Discussion
We could not find any single region for the speciesspecific detection of V. parahaemolyticus even using our updated 16S rRNA alignments consisting of 78 species of vibrios. At least three regions of 16S rRNA, however, were good candidates for the one-step multi-probe FISH of V. parahaemolyticus. These regions were Helix440+441, Helix588, and Helix1241. Fluorescent signals were expected to have a brightness corresponding to class I to III for VP440 and VP437, which hybridized with Helix 440 to Helix 441, and for VP1253 and VP 1255 which hybridized to Helix 1241 (6) . Conversely, regions hybridized by VP616 and VP612 were less bright corresponding to class VI to IV. Prior to determining the probe's specificity, the fluorescence intensity of each candidate was checked by eye under the (Table 1) were improved. The relative fluorescence intensity of these probes (VP437, VP612, and VP1253) was 1.7, 11.3, and 9.9 fold, respectively, greater than that of less-fluorescing probes (Table 2) . Finally, VP437, VP612, and VP1253 were retained for further experiments.
VP437, VP612, and VP1253 were estimated to hybridize 8, 15, and 7 species of bacteria including V. parahaemolyticus, respectively (Table S1 ). The only species, however, hybridized by all three probes was V. parahaemolyticus. In silico estimation of the specificity of VP612 and VP1253 revealed that 27 and 15 species had single nucleotide mismatches (Table S1 ). As Manz et al. (21) reported the effectiveness of using competitive oligonucleotides to secure specificity, 4 and 2 types of unlabeled competitive oligonucleotides were designed and used in the experiment (Table 2 ). For example, the C612-type1 competitor could mask 10 species of vibrio including V. alginolyticus from hybridization by VP612 (Table 1) .
We tested the specificity of these probes, and optimum conditions for hybridization (Table 3) . On varying the concentration of formamide in the hybridization mixture, we found the specificity of the probes against representative strains improved above 30% formamide without a loss of fluorescence intensity (Table 3) . Competitive oligonucleotides worked well to mask strains with single nucleotide mismatches against VP612 and VP1253. Of the 51 species tested, only V. parahaemolyticus strains including the pandemic serotypes O3:K6 and O4:K68 were hybridized by all three probes (Table 1) . Two of the three probes hybridized to 10 strains (V. aestuarianus, V. campbellii, V. furnisii, V. hepatarius, V. hispanicus, V. ichthyoenteri, V. neptunis, V. orientalis, V. rotiferianus, and V. scopthalmi).
Microcolonies of V. parahaemolyticus that form within 6 hours might constitute fewer than 2 12 cells, and the fastest generation time for V. parahaemolyticus was hypothesized as 0.5 hours. When the microcolonies were detected by the FISH reaction, the fluorescent signals could be amplified 4,000 times compared to those against single cells, which may cause false-positive signals. However, only the signal from VP437 against microcolonies of V. alginolyticus, one of the closest relatives of V. parahaemolyticus (15), was observed (Fig. 1) . Fluorescence signals from VP612 and VP1253 were not observed in the microcolonies of V. alginolyticus. The result demonstrated that the specificity of the probe-competitor combination under the hybridization conditions was optimum.
FISHFC has the advantage of increasing not only the specificity of probes but also the development of microcolonies in selective media. V. parahaemolyticus is capable of growing at 37°C to 42°C. The bacterium formed detectable microcolonies after 4 hours not only at 37°C (Fig. 2) but also at 40°C (data not shown). Under simple selective culture conditions, V. campbellii and V. rotiferianus, which were grown at 37°C and hybridized by VP437 and VP612, did not form any detectable microcolonies within 8 hours (Fig. 2) . The viable V. parahaemolyticus count obtained by FISHFC did not differ significantly from the standard plate count, but did differ from the count obtained using conventional vibrio selective media (p<0.01) (Fig. 3A) . The accuracy of FISHFC was also confirmed in the enumeration of heat-and freeze-damaged V. parahaemolyticus cells, and the count by FISHFC was significantly different from that obtained with conventional vibrio selective media (p<0.01) (Fig. 3B and C) . In conclusion, we have developed a one-step method of detecting viable V. parahaemolyticus, even in heat-damaged cells using FISHFC. The system should greatly reduce the time required to detect V. parahaemolyticus not only in environmental samples but in seafood.
The two most widely used methods of enumerating V. parahaemolyticus in food or water samples are the most probable number (MPN) method and membrane filtration (15) . FISHFC is an extension of membrane filtration. Conventional membrane filtration enumeration requires selective media to eliminate Gram-positive bacteria, V. alginolyticus, and so on. As FISHFC uses specific probes instead of selective media, non-selective media can be used, which makes it easy to recover damaged bacteria ( Fig. 3B and C) .
Case of diarrhea caused by V. parahaemolyticus in seafood have been recorded in Chile since 1998, prior to which there had been no such V. parahaemolyticus outbreaks (3, 5, 7) . Fingerprinting of virulent strains revealed serotype O3:K6 pandemic clones originally isolated in Southeast Asia to be the causative agent. However, intensive investigation of Chilean shellfish sold at markets revealed that the O3:K6 pandemic clones are only a minor component of a small but diverse population of V. parahaemolyticus in shellfish (7) . As the FISHFC methodology is resistant to food sample assessments and a detection limit above 10 CFU mL −1 (25) , the method could apply to detect virulent strains incorporating the thermodynamics parameter of DNA-RNA hybridization for developing FISH probes hybridized to mRNAs of virulent genes (such as tdh and trh) of V. parahaemolyticus. Microcolony formation also might assist the amplification of FISH signals hybridized to low copy number mRNA.
